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2. Correlation of the product microstructures with product room tensile
properties af ter  a final standard T6 heat treatment .

The microstructure of the extrusion—consolidation powder product d if f e r e d  in
several respects from that of the wrought stock product extruded by the same
Drocessing conditions . The latter had a uniform microstructure while the former
contained a marked inhomogeneity of both the distribution of the precip itate and
the size of the substructure or grain structure ( from one powder particle to
another ) and the presence of oxide boundaries on deformed powder particles. The
differences are attributed to the following character is t ics  of the s tar t ing
naterials : 5.

1. The powder consisted of chilled cast particles coated with oxide films and
containing elements (such as chromium) in various degrees of super—satur—
ated solution in dif ferent  particles.

2. The wrought material was homogeneous without any apparent oxide films.

The microstructure within the powder particles of the extruded powder product
approached that of the wrought material as the processing variables converted the
article cast s tructure to the same original condition as the wrought material .

lowever , none of the processing variables were beneficial in the removal of the
)xide film around the powder particles.

Extrusion—consolidated 7075 powder which had not been given a long time high
;emperature anneal yields lower tensile strengths than the extruded ingot product.
Ibis difference is the result of the occurrence of an equiaxed recrystallized
grain structure rather than a hot work substructure. The powder product also
shows inferior ductility as a result both of the oxide film at the prior particle
)oundaries and of inter—particle voids in the product which arise from incomplete
~onsolidation at the lowest extrusion ratios and from excessive deformation at
;he hi gh extrusion ratios. In both cases , these voids were more numerous after
the T6 heat treatment implying limited bonding at prior particle interface sur—
races.

Use of the separate consolidation and extrusion operat ions at extrusion ratios
)f 10:1 and 20:1 yields powder product with a fine subgrain and recrystallized

~rain size. The chromium containing these two—step processed material similar to
;hat in the ingot product . Comparison of the powder product from the two—step
rocess with that from the one—step process suggests that the formation of this
reci pitate has a significant effect on limiting the grain size resulting from
)rlmary recrystallization . The tensile strength of the two—step processed powder
‘iaterial is comparable to that of the ingot product but the ductility is signifi—

~ant ly lower .

Un c la su i f i e d
S E C U R I T Y  C L A S S I F I C A T I O N  OF T H I S  P&GE(Wlte n Del. EnIerCdI
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FOREWORD

This report was prepared by the Westinghouse Electric Corporation ,
Astronuclear Laboratory, Advanced Energy Systems Division, Pi ttsburgh ,
Pennsylvania 15235, under USAF Contract F33615—74—C—5O59 . The contract
was initiated under Project No. 7351, “Metallic Materials”, Task No.
735108 , eProcessing of Metals”, and was adminis tered under the direc tion
of the Metals and Ceramics Division, Air Force Materials Laboratory,
Wright—Patterson Air Force Base, Ohio with Mr. A. M. Adair (AFML/LLM) as

-: Project Engineer.

This report covers work performed from 16 December 1973 to 1 July 1976,
by Messrs. D. J. Abson, F. J. Gurney of the Advanced Energy Systems Division,
Wes tinghouse Electric Corporation, and V. DePierre of the Processing and
High Temperature Materials Branch, Metals and Ceramics Division (AFMLJLLM) .
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I

SECTIOP I

INTPOGU CT ION

United States Air Force interest  in powder metallurgy stems largely
from the potential benefits obtainable by the use of metal powder , instead
of ingot material , for the production of high strength metal rrolucts .
Exploitation of these benef i t s  requires an intel l igent  selection of process-
ing methods and parameters , based on an understanding of both the mechanics
and metallurgy of the operation . Specifically, these benef i t s  i r~o1ude more
economical and/or better properties of the final product . The better pro-
perties are possible because inherently the metal powders have finer grains
and less macro—segregation than cast ingot materials. These powder character—
istics may provide the following advantages over ingot material for metal—
working operations :

1. Greater resistance to fracture during forming.

2. Higher processing temperatures without incipient melting or hot
shortness.

3. Lower deformation loads for hot working operations .

4. Less requirement for a homogenization treatment with the possibility
of eliminating such a treatment . - 4

Additionally , the use of the powder route may also permit t h e  following resul ts :

1. Products with better properties (such as toughness , crack growth re-
sistance and resistance to stress—corrosion cracking) because of the
powder fine grain and homogeneity.

2. Introduction of compositional variables which result in signifi cant -

variation during the solidification of large ingots but remain in
super—saturated solid solution during rapid cooling of the metal
powder and enhance the service properties of the product .

3. Synthesis of composite alloys by blending different powders to pro-
vide desirable combinations of properties not obtainable in sing le
alloys. ~- 

-

In an earlier publication 1 , the mechanics of metal powder processing methcJr
were discussed in detail with 7075 aluminum alloy powder as the model mater ial
and extrusion—consolidation as the process. In that work , general variations in
the microstructure were also discussed. The primary purpose of thir report is
to discuss in greater detail the sicrostructural changes occurring -luring the
extrusion—consolidation of prealloyed 7075 powder and to compare these changes -~

with those occurring in t h e  wrought stock (from which the owder  was produced) - -

processed in the same manner as the  powder. Emphasis is placed on the fcli~ wing
areas:

1. The e f f e c t s  c-f processing variables (such as ;t a rt i ng  mate r ia l  c o n i i t i c n ,
processin~ temperature and amoun t of deformation) on the m i c r o r t r u c t u r e
of the processed material .

2. lo rre i ation of the product mic ros t ruc t  -ireo with r i i c  rocm t em p er a tu r e
tensile pr -pe r~ I es a f t e r  a f i  r- ai r~ ~~.- la r  I heat t re ’~

1

- ~~~ -- - - -  — . - -- - -~~~~~—~~~~
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SE CTI ON II

EXP EPIIIECT AL PROCEDURES

2.1. laterial

The material used in this study was obta ined as a s ing le h eat lot of
wr:-ught 3—inch (0 . OI Src ) diameter bars of comrnerical 7O75—T6 aluminum alloy .
The chemical -anai~~c i c  of t he lot is given in Table I. A port ion of th e
mater ia l  was mach ine- I  in to  ext rus ion billets 3.00 inches in diameter and 6
in heu l aOS  (0 .076m x O . l t r ) .  The remainder was converted to powder by the
rotating electrode process.

2.2. Noterial Preparation

Prior to shipment , the powder was encapsulated under argon in small metal
- -antoiners . All f u r t h e r  handling of the powder was done under an argon atmo - —
s : a e r o . A sieve analys is  of the powder is given in Table I I .  The logarithm
of the part icle  s ize  was nearly normally d i s t r ibu ted  wi th  a median part icle
size  of 132 x lO 6 m , approximately 110 mesh . Chemical composit ion of the
powder is also l i s ted  in Table I.

Prior to consolidation , the metal powder was encapsulated in 6061 alumi—
nun alloy containers  3.1-1 inches in diameter and 6.0 inches long (0.O76m x
0. 15m) vOl-c a were evacuated and sealed as described in Appendix I .  The pour
dens i ty  of the powder was approximately 60 percent .

2.  ~~. Process ing

The machined wrought billets and powder—filled containers were processed
in the 1F~E 700 Ton (6.2 x 1O4N) Horizontal Extrusion Press. Details of the
extrusion procedure are given in the previous publication 1 the previous pro—
cessing c0nditions for all billets are presented in Table III and Table IV.

different processes were used f o r  the powder containing billets. f
tracess (A) -:ansolidation by compaction -against “blank” tooli ng at

a pressure of I S O  ksi (1 .11 x l0 9 0m 2 )  for  60 r e r a n - a s
after an 800°F (700°K) 2 hour preheat on the powder -

~~

Process (B) -ne— step extra::c~ — :-osolo1 at i-~n a f t e r  2 hour c reheat
at the de:ired tonI t ire .

Pr oc e or  ( C)  Twe — o t o p ex us i on—oons ~ l i - i a t i c n  cons i s t ing  of Process (A)
cooling t h e  c on s r - l i 1 a t e~ et to r oom ‘emperat -ure , re—
m a c h i a ir . g  t h e  b i l l e t  - , t m e n  e x t r a  k i n g  as related in Process (B).

~~t~ - b i i l e ’-c were processed no - l e sc r ibed  I a  Tab l e  I l l  for  compar iccr - i of ex—
r -~ l-~d yr  - ight  p r o d u c t :  w i t h  p owder  -~-<t r -~: ons .

The 1:11 w i n S  t a c t :  we r e ma le on t oe meta l  powder and e xt r a - I d  c r o d u c  t s :

- :,omical Analyses — on ~;~~1ac ’~ed paw icr  •~x r ~: i - - nr  to l e t e r m i n e  the



e f f e c t s  of processing condit ions on chemical composition of
the processed materia: . 1-es-ults were e r r a n t  lo l l;  the  san e a:
for the as—received powder as l is ted in Table I .

2 .0 .2 Optical Microsc2p ic Examinat ion:  — The specimen :- were  elect :;—
polished using a solution c o n s iet i n g  of 60 ::i . p er cn l o r i c  ao l : ,
350 ml. butyl cellosoive and a po ten t i a l  -of 28 volt: ar -p l ied  for
two periods each of 9 seconds for e i c o t o ;— r o ~ i sh ing . TOo p o l i shed
specimens were etched in Keller ’s et :r .

- - Powder material  was examined in each s tage  of the or -cce : s ln :~ opera; ion
and compared to wrought product . Powder specimens , a f t e r  various heat t r e a t m e n t: :
simulating prior—eoctrusion temperature time 0000it lon o , were examined  t :  e s t a b li r O
the micros t ruc t- sc-e present immediate ly  b e f or e  ex ;r - :.: i-o n and ;: servo  a: a b a s i s
for determining the  e f f e c t s  of the r a e — c o - -n ex ;r a s :  0— c - c o c c i  i-dat ion  pr - rca: :
condi t ions  on the powder  pr o - d u c t  m i2 0 0 s tr o c t -u r o .  Spe lmea:  f rom - h e  hot consoli-
dated b i l l e t  ( o r .  - -~9l l , -Table i i i )  were examined to  e s tab l i s h  t h e  p r i o r  o x or i : io a
micros t ructural  condi t ions  of mat erial pr o cessed  t-y the t w c — : t ~~: ( P roc er s
Long ituc ina l  sections of the e x t r u d ed  or: r u r t s  in the a s — e xt  t’ :-i~- - : an - -c in  t o
treated condi t i  car  were examined.

2. 0 .3 L l e - r t r o n  O e t a l l ogt -a ~ hy — The th in  O I l — . e l e ct r on  n i c ror :~ r;.- esco n a t i o n s
one  s t -u :-; were L : - it ed  to  mater ia l  ext ru i -’ l at 800 °F

Long i tudinal  slices for e l e c t r o n  metal iogx - aohy were gro un d I r r o -  0. 11
i n c h e s  (0.OOlm) to 0.11 inches (0.OCc5m ) t h i c k  f r o m  op e d i m - s n o  t a P - c .
f r o m  the  ceat ra  a x i s  of t h e  ext :-uc On.  Ii::: of .10 m I m er ( 0  -no )
in d iameter  were punched from t oe  s l ices  an-i w a r : -  ~et- -mam o in o  I -

p e r f o r m a t i o n  in a so lut ion  c o n n ot i n g  :1 2 ml hy ir c - c h l o r i c  a c i d , 50 p 1
nitric acid an-i. 50 ml n~ t i . ;n : l .  The s o l ut i o n  w a r  a : -- :  ~t t r o o m  -

ature w i t h  a potent ia l  d i f fe rence  - 5  ~u rp r : x I ’  c - = l y  20 -~-:i.t s .  The f : i i s
were examined in a JEll 2001 e lec t ron  microscope  : t~C O t  i n g  at 200 El .

o .4 .0 X—Ray and Electron M icr o jo -  be A n aly s e s  — A s — r e c e i v e d  n -s :-~r an I
tu -dina i  sec t ions  of extru-co bars were :ub , e : ted  to  x— -- -::- an I
mi c r oor ob e  analyses x—ray mages gave i n f :r m a ;  ion on c r i n o i r a d  c~~ -,- t i ;u en ; :- of sec ond— p-a h :e  p a r t i c l e s . 1 up p  em oct - I .l i n f :r m - i t f  ~ n. v t .
ob t u u n i e d  bo th  by l ine  scans across r )w :er  t o r t  i d e  cell w a l l s  ur a cr i - : :
s e l e c t e d  e xt r a - i a  p aw -dec t a r t i - n I a ; , t n d  also by st e - c o r a l

0 sp e c if i c  l o ca t i on s .

2.0.5 ku om T am m e r a t u r o  en s i l e  l~~:ts — A p iece - - I’ - - x - ~~ n - i  r : of i c n c t .
s uf f i c i e n t  fo r  ow - - ~en si1a i cst b a r ;  w-r: - - c : ’ fr - n
of each ~-x ’ r : c i  a .  The spec i men - : w - - r  ocr— . n t - -n
p o r t i o n  of each p i e c e  t 0.50 i n - - . - -: ( 0 . l i d m ~ - i l ar s ” n r  -cc w1 cc

~o 1.0 in c h r - r  ( 0 .D2 5 ’n  onet er so 1 . t t  c i  - r ’t ’ •r~~~- ’ c  c - u ] d i -
c -cn t r o l leI  -i j i nc  l a t e r  p r o o s s n i ’  ci CS I-o at, ‘- -

given to all n o - -  r-o sn—: - ,-~~- i . n c ~~: r I. . T h i s  t r - -i ’men t  - - n s t : e0 - _ f  -
hour a TYF (~~~-~~( r ~~r’
by a 10 ha ir hold at roec: t’— -c: ’~’- - -c ic - t n :  a R m S -i~ 250 °F - r )  I~
10 f o u r : . tan  lard t v r e  H — I  ‘ e~ lie t~~~n t  r i o In — as n-f 0. 12 i n : n e c

gage - i i a n e t c r  s-er . nachir.-e~ fr : r- t I e  ‘-o  : - - - - c 1  c r 1 ,  - -

at r-: -n - . I - ~:-c ’-- c- ’-i r- in a lo ,000 it . (0 .-. x l O ’N ) l n ; - - r -  t e r Y n r m a ’ t
at a cr o s . — —nec - :  s r~ ” of 0 .05  ion - , ( 2 . 1  x lO H -  1 ) •

-

~

--— -—-- ~ -- ~~~~~~~~~~~~~~~ ------- - - - - - - ~ ~--~- -



- -. -- — ---—- ----— - - --- 
—. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SECTION III

RESULTS

Chemical Compositions

As noted in Table I, the only major differences in composition of the
wrought bar and the as—received ans as—processed metal powder used in this
in--e sti gation are in the oxygen content. The met al powder as—received has
a higher oxygen content than the wrought bar. No increase in the oxygen
content was apparent in the metal powder after processing operations per-
formed in this investigation .

3.2 .  Microstructure of Powder Before Extrusion

Optical microscopic exami nation of the as—received powder revealed a
f ine (~ 5 x 10 6m) cellular or dendritic cast structure (Figure la). Little
change occurred in the structure after heating the powder for two hours at
t emperat ures up to and including 700°F (644°K). The cell structure had
almost disappeared in the powder after treatment at 800°F (700°K) for two
hours . The boundaries of several grains were visible in each powder particle,
Figure lb , after heating at 900°F (756°K) for one hour . These tests established
the microstructu.ral condition of the metal powder before the one—step extrusion—
consolidation processing , Process (B).

The optical microstructure , Figure 2, of hot—consolidated powder, Process
(A) , showed the powder particles have an equiaxed shape with clearly discernable
boundaries and complete elimination of voids between the particles. The cast
nicrostructure, Figure la, of the powder has disappeared almost completely as a
result of the hot consolidation treatment . This condition represents the micro—
structure of metal powder before the two—step extrusion—consolidation processing ,
Process (C).

3.3. Microstructure of the Extruded Powder Products

3.3.1 Optical Microstructure of Air—Cooled One—Step Extrusion—Consolidated
Products — The as—cast structure was not completely eliminated from
the powder billets processed at temperatures up to 700°F (644° K) but
had almost disappeared after heating to 800°F (700°K) and was not
detectable in the microstructure of the extruded products at this and
higher temperatures.

AT1 metal powders extruded at 3:1 reduction ratio were visually sound but
optical microsco pic examination at a magnification of 250X showed voids and poor
interparticle bonding. The 6:1, 10:1 and 20:1 products in the as—extruded condition
were 5-oujil both visually and under microscopic examination . However , after the
T6 heat treatment , these products contained small voids along ~he powder particle
b ou n d ar i e s  and at interparticle triple points. At an extrusion ratio of 00:1, the
as—extruded product had a large number of cracks along interparticle boundaries.

Except for the appearance of small voids after the T6 heat treatment , the
optical microstructures of the powder products air—cooled after extrusion were
-t lm :t identical in the as—extruded and in the as—extruded plus T6 heat treatment

14
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condition when viewed at 250X. However , the grain boundaries could be seen
most clearly on the heat—treated product . The observed microstructures are
summarized later . After extrusion at 800°F (700 °K ) ,  the product at 3:1 ratio
was not recrystallized. However, a substantial portion of the microstructure
of the 10:1 extrusion consisted of equiaxed recrystallized grains , 30 x 10 6m
in diameter , within each elongated powder particle, Figure 3. Some of these
grains occupied the whole width of a powder particle. The proportion of re-
crystallized grains increased to almost 100 percent as the extrusion reduction
was increased through 20:1 and 40:1. The 20:1 — 800°F (700°K) and 10:1 — 900°F
( T56° K)  extrusions had almost identical microstructures both containing grains
which had grown across particle powder boundaries, Figure 4.

3.3.2 Optical Microstructure of Air—Cooled Extrusions from Two—Step Process C —

In the 10:1 — 800° F (700° K) product from pre—coosolidated billet ,
Figure 6, approximately 30 percent of the microstructure consisted of —

very fine (~ 5 x 10 6mm) recrystallized grains and the remainder con-
tained wrought grains. In the 20:1 — 800°F (700°K) extrusion approxi-
mately 30 percent of the microstructure consisted of a wrought structure
and 35 percent of large grains whose boundaries crossed powder particle
boundaries . The microstructure of the recrystallized portion of this
extrusion was similar to that shown in Figure 5 for the 40:1 — 800°F
(700°K) extrusion made from the preheat treated (900°F — 6 hour plus
air cooling) billet .

3. 14. Optical Microstructure from Extruded Wrought Billets

The principle change in the optical microstructure during extrusion of the -
wrought ingot product was the further elongatioc of the grains. A few very small
(
~ 5 x l0

6m) recrystallized grains were observed in the 6:1 — 800°F (700°K) pro-
duct and at higher extrusion ratios . Only at an extrusion ratio of 40:1 at 800°F
(700°K) was extensive recrystallization observed in the as—extruded product where
elongated recrystallized grains (: 1 x 10 3m lone and 1 x l0 4m wide) were
surrounded by a small number of finer (: 3 x l0~~m) equiaxed recrystallized grains ;
no noticeable change occurred in this  microstructure as a result of a T6 heat
treatment. The large recrystallized grains occurred principally towards the edges
of the extruded bar , Figure 7.

3.5. Thin Foil Microscopy of the Product from the 800°F Extrusions

3.5.1 Ingot Product — Transmission electron microscopy of the ingot product
in both the as—extruded and T6 condition revealed a uniform subgrain
structure with a subgrain size of 2 x 10 6m . In both conditions ,
dislocations were resolvable in some of the boundaries and dislocation
tangles were visible within the subgrains . Two types of precipitates
are present in the T6 condition : 1) the hardening phase in the form
of spherical G. P. zones of n platelets2 of 100 x 10 10m diameter
and 2) a larger spherical precipitate of 3 x 10 8 to 5 x 10 6m diameter -

-

which is presumed to be the E—Phase2 ’3’4 Al18Cr2Mg3 .

The microstructure from the 10:1, 20:1 and 40:1 ratio extrusions appeared
very similar to that shown in Figure 8. The product from the 00:1 ratio extrusion ,
however , had a few very large elongated substructure—free regions. These regions
corresponded to the long recrystallized grains seen under the optical microscope .
With the exception of this extrusion , grain boundaries were not conspicuous at -

any extrusion ratio.

5.
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In the as—extruded condition , sub —boundaries are less readily discernabie.
Profuse amount s of r~ (M gZn2)  with largest dimension of 0.5 x 11 6 , Fi gure 9,
were observed. Observation of the E—Phase in the as—extruded condition is diff ~I—

5- cult because of the masking effect of the r~ phase.

3.5 .2 Powder Product — Transmission electron microscopy of the consolidated
powder product revealed several differences from that of the ingot
product. The most noticeable of these were the inhomogeneity of
both the distribution of the precipitates and the size of the sub-
structure or grain structure . Observation of particle boundaries
showed them to be usually straight with a high density of precipitates
in the size range 0 .02 x 10 6m , Figure 10 , at the particle boundaries .
These boundaries were usually straight and usually marked a dis-
continuity of microstructure from particle to particle . Since these
smaller precipitates were seen only at the particle boundaries and
since they were almost transparent to the electron beam , it seems
likely that they are fragmented oxide particles .

The remaining precipitates were essentially the same as those observed in the
ingot product . The E—Ph ase precipitates in the powder product were less profus e
and smaller (: 0.01 x l0 6m to 0.03 x 10 6m) than those in the ingot product .

Periodic variation in the density of distribution of MgZn2 precipitates occurred .
At certain orientation, these precipitates were seen to occur as distinct rows where
a high density of these preci pitates occurred , next to reg ions of almost precipitate—
free matrix. The ali gnment of these rows was parallel to the extrusion direction and
the spacing was approximately l0 6m.

3.6. Microstructural Anomaly

In all the extrusion—comsolidated products , a few powder particles (less
than one percent ) behaved differently f rom the others under processing conditions .
These particles were generally fully recrystallized, even in the as—extruded condi-
t ion ; the only exception was in the billet which was simply consolidated where , in
the as—consolidated condition , they had not recrystallized. The anamolous particles
were distinguished by their lighter color during microscopic examination and, in
the low ratio extrusions , by their convex boundaries which indicated that they were
softer , at the processing temperature than the surrounding particles.

In the sonsolidated billet after T6 heat treatment , the grain sizes with
these anomalous particles were typically ASTM No. 10 and 11, considerably finer
than the grain size of the other powder particles. In the extrusion—consolidated
product , grain sizes were usually ASTM No. 5 at the lower extrusion ratios , Nos .
5 and 6 in the 20:1 — 800°F (700°K) product and Nos. 6 and 7 in the 140:1 — 800°F
(ToooK) product . In the two—step extrusion—consolidated product , these anomalous
grains were more difficult to discern in the as—extruded condition .

Electron probe micro—analysis of the anomalous particles revealed that they
were depleted slightly in copper , magnesium and zinc . The exact origin of these
particles is not definite , but they may be attributable to segregation in the
wrought stock from which the powders were produced. 

~~~~~~~~~~~~~~~~ ~~ _
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3 . 7 .  Room Temperat ure Tensi’e Test Results

The variation of strength and ductility with processing t emperature at
a constant extrusion ratio of 10:1 are shown in Figure 13. Both extrusion comp-
acted powder and extruded ingot stock are examined. The highest strength in the
extrusion—compacted powder after T6 heat treatment , resulted from processing in
the preheat range of 700°F (61414°K) to 800°F (TOO°K) at preheat temperature of
800°F (700°K) and above , the dendritic structure of the powder particles , Figure
la , was almost completely absent . This temperature was utilized for processing
at a range of extrusion ratios. The reduction in the ductility at 800F (700 °K) is
associated with the initial disappearance of the cast structure ; the increased
duct ility in the powder product after 900 °F (753°K) extrusion is associated with
a recrystallized microstructure from this product .

The mechanical property dat a after extrusion at 800°F ( 700°K) and T6 heat
treatment are shown in Figures ll4a and 14b . For the ingot product , both strength
and ductility increased slightly with increasing deformation in the range between
3:1 and 20:1. At deformation ratios for the ingot product of 40:1 and higher ,
the large recrystallized grains develop and a resultant loss of strength and in-
crease in ductility develop. At deformation ratios less than 3:1 for the ingot
product , another region of decreased strength and increased ductility is ex—
pierenced; the reason for this effect at the low ratios is not available.

The maximu m strength conditions for the powder billets consolidated by
Process (B)  resulted from processing at the 6:1 and 10:1 deformation ratios. At
higher ratios , large recrystallized grains occurred and a subsequent reduction in
strengt h and increase in ductility resulted. At still higher ratios , porosity
developed in the vicinity of inclusions and second phase particles ; this porosity
causes a continued decrease in strength and a reversal in the ductility trend
thereby resulting in a rather severe reduct ion in ductility. At the 3:1 deform-
ation ratio , the processing technique resulted in tensile stresses along the axis
of the compacted bar and separation at the oxide contaminated particle interfaces .
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SECTION IV

DISCUSSION

L4 . l .  The Influence of the Powder Production Technique on the Microstructure

The nature of powder production by the rotating electrode process can in—
fluence the chemical homogeneity and size distribution of the powder product .
The basic nature of this powder production process is that an arc is established
between a cathodi c tungsten electrode and one end of a consumable ingot rod of
the alloy composition desired for the powder which is the anodic electrode . The
anodic ingot electrode is held in a chuck and rotated at a selected number of
revolutions per minute.  The cathodic tungsten electrode is non—rota t ing ,  but
is made to move axially to maintain a fixed arc length between the two electrodes.
The established arc then causes melting to occur and powder is produced when the
surface tension forces between the molten alloy and the solid ingot are over-
come by the centrifugal forces resulting from the rotating electrode .

Two important consequences of this  type of powder production process should
be given attention . The first of these is that different centrifugal forces are
experienced over the face of the rotating electrode . A molten region near the
outside diameter of the bar face is thrown off  more quickly than it woul d be for
a molten region near the axis of the bar .

The second factor is related to the first  in that the amoun t of super—heat
that a particular region experiences is dependent upon its time of exposure to
the arc . Since the reg ion near the electrode axis is subjected to lower centri-
fugal forces than regions near the outside diameter, it would be expected that
a somewhat longer heating time and thus a higher degree of super—heat would be
experienced by material near the center of the electrode face than would be ex—
perienced by material from near the outside diameter of the electrode face.

The above discussions are more applicable if the face of the consumable
elect rode is convex. If the face is concave then the argument must be modif ied
to account for material from the center of the electrode s l id ing  over and mix ing
with the material from the outer edges of the bar as a globule of molten material
is in the process of being thrown from the electrode face.

The extent arid variation in the amount of super—heat can be of significance
dependi ng on the alloy being melted. In the case of the type 7075 aluminum , the
E—Phas e , Al 18 Cr 2 Mg3 , has a higher melting temperature than the parent material.*
However , this fact does not preclude the possibi l i ty of this  phase being dissolved ,
either completely or in part , by the matrix material during the time that the mat-
rix becomes molten and before it resolidi f ies  as a powder particle af ter  being
thrown from the rota t ing electrode . This  dissolving process coul d occur at molten
m a t r i x  temperatures considerably lower than the E—Phase mel t ing  temperature ,
especially since the precipitate size of the E—Phase is very small.

*An attempt in our laboratory to determine the melting temperature of this phase
was made on a homogenized cast “but ton ” ingot of sli ghtly o f f  s t o i c h i o m e t r i c  composi—
t i ;-n . The mel t ing  point  was not de f ined  exactly , but was determined t n  be in ex—
cess of 1600 °F ( l lO O °K ) ,  i nd ica t ing  that hc E—Phase has high thermal stability
in the 7075 matrix.

8
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4 .2 .  Chemical Composition

Since the powder material used in this investigation was produced from the
same heat as the ingot stock used for comparison of properties , the only si gni f i—

g cant di f ference in chemical composition expected would be in absorbed gases with
little change in any of the principle alloying constituents. Dat a in Table I
reveal that this is indeed the case. The increased oxygen p ick—up occ urs during
the production of the powder from the ingot bar by the rotating electrode process
and during subsequent handling of the powder prior to consolidation (an inert
atmosphere of argon was used during all subsequent handling processes).

In the microstructure examinations, it was revealed that the increased oxygen
in the metal powder is concentrated as a film on the powder particles. The film
nature of the oxide exerts a profound influence on the processing properties , micro-.
structural characteristics , and product tensile properties of the powder material.

Although the overall compositions of the major alloying elements are similar
in both the ingot and powder product , some inhomogeneity of both the distribution
of the precipitates and size of both the substructure and grain structure occurred
in the powder material. However, electron microprobe analysis did not establish
any detectable differences in chemical composition of the particles where these
variations occurred and therefore the inhomogeneity in microstructure is apparently
the result of the extent to which the alloy constituents are in or out of solution .

14.3. Effect of Processing Variables on Microstructure

The microstructure of the extrusion—consolidated powder product differed
in several respects from that of the product extruded from the wrought material by
the same processing conditions . The latter had a uniform nicrostructure while the
former contained a marked inhomogeneity of both the distribution of the precipitate
and the size of the substructure or grain structure (from one powder particle to
another) and the presence of oxide boundaries on deformed powder particles . The -

differences are attributed to the following characteristics in the starting materials:

(1) The powder consisted of chilled cast particles coated with oxide films
and containing elements (such as chromium) in various degrees of
super—saturated solution in the aluminum base material in different
particles.

(2) The wrought material was homogeneous without any apparent oxide films .

The microstructure within the powder particles of the powder product approached that
of the wrought product as the processing variables converted the cast structure of
the particle to the same original condition as the wrought material. However , none
of the processing variables were beneficial in the removal of the oxide film around
the powder particles . In all other respects, the effects of processing variables on
the rnicrostructure of the powder product tend to approach the effects on the micro—
structure of the wrought product .

9
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-: SECTION V

CONCLUSIONS

The following conclusions are made as the result of the metallurgical and
mechanical property evaluation of the consolidated powder and of ingot product
of 7075 aluminum.

1. Extrusion of the 7075 Al ingot product at 800°F (700°K) yields a
product with a well developed subgrain structure . The cell size is
approximately 2 x 10 6m for deformation ratios of 20:1 and lower ; the
substructure was found to change only slightly during a T6 heat treatment .
Exceptions were noted at higher deformation ratios . Ingot stock extruded
at a ratio of 80:1 gives a microstructure of fine equiaxed recrystallized
grains which were replaced by very large recrystallized grains during the
T6 heat treatment . Extrusion at a 40:1 ratio yielded a duplex as—extruded
microstructure. Along the axis of the bar , a zone of approximately one—
hal f the bar diameter was not recrystallized , while the remaining outer
portion of the bar yielded a large grained recrystallized product . No
significant changes occurred in the microstructure as a result of the
T6 heat treatment .

2. Extrusion consolidated 7075 powder product which had not been given a
long time high temperature anneal (equivalent to the homogenization treat—
ment of cast product ) yields a lower strength than the extruded ingot
product . This difference is the result of the occurrence of an equ iaxed
recrystallized grain structure rather than a hot work substructure. The
powder product also shows inferior ductility as a result both of the
presence of an oxide film at the prior particle boundaries and of internal
voids in the product which arise from incomplete consolidation at the
lowest extrusion ratios (3:1) and from excessive deformation at the high
extrusion ratios (20:1 and 40:1) .  These high deformation ratio defects
also appear as interparticle defects. In both cases , these defects were
more numerous after the T6 heat treatment implying limited bonding at
prior particle interface films .

3. Use of the separat e consolidation and extrusion operations at extrusion -

- - ratios of 10:1 and 20:1 y ield product with a finer subgrain and recrystallized
grain size. The chromium containing E—Phase precipitate was un i formly dis—
tributed in these two—step processed material similar to that from the ingot
product . Comparison of the product from the two—step processed material
with that from the one—step processed material suggests that the formation
of this precipitate has a s ignif icant  effect on l imi t ing the grain size re—
suiting from primary recrystal l ization. The tensi le  strength from the
two—step processed material is comparable to that from the ingot product
but the ductili ty is si gnif icant ly  reduced.

10
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TABLE I

Chemical Compositions (Weight Percent—Balance Aluminum )

Identity Zn ~~ Cr Cu Fe Si Ti 0 N

Bar As—Re ceived 5.7 2.3 0.19 1.7 .17 .08 .007 .005 .005

Powder As—Rece ived 5.2 2.4 0.19 1.7 N/E N/E N/E .032 .009

N/E = Not Examined

L
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TABLE II

Sieve Analysis of the Powder

Sieve , U . S .  Series 14~ 50 60 80 120 170 230 325 Pan

Microns 354 297 250 177 125 88 63 44

% Retained on .69 2.08 10 .17 43.20 32.69 8.19 2.4 1 .51 .06
Screen
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TABLE V

Recrys ta l l i za t ion  Data for 7075 Powder Billets

Ext rus ion Extrusion Ratio
Temperature

°F 3:1 6:1 10:1 20:1 40:1

500°F Wrought N/E Wrought N/E N/E

600°F N/E N/E Wrought N/E N/E

700 °F Wrought N/E Wrought N/E N/E

750 °F N / E N /E Onset of N/E N/E
Recry .

800°F Wrought 20% 50% 80% 95%
Recry . Recry . Recry . Recry .

900 °F 50% N /E 80% N/E N/E
Recry . Recry .

N/E = Not Examined

15
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TABLE VI

Recrystal l izat ion Data for 7075 Wrought Billets

Ext rusion Extrusion Ratio
Temperat ure

°F 3:1 6:i 10:1 20:1 40:1 80:l

800°F A few very small Extensive Recry . Ent i re ly  f i ne
(~ 5 x 10 6 mm large grains Recry . grains
Recry . grains)  (1 x 10 3m

long aiod
1 x l0 °~m
wide )
surrounded by
a small number
of f ine r  grains
(~ 3 x 10

6m )
at outside
edges of extruded
bar .

T6 Heat Treated No noticeable
change

Large grains
(3 x l0~~ mm
x 5 x lD <’rnio
wide )

16
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I Figure 7. Microstructure  of one—half  of a bar of ingot stock extruded at ~0:1
• reduction rat io after a 2 hour — 800°F (700°K) preheat . Note the

sharp d iscont inui ty  between the wrought material and that  which is
- predominantly recrys ta l l i zed .  X II
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Fi gure 8. Electron micrograph of the ingot product ext ruded at a 20:1 r e—

I 
duction rat io a f te r  a 2 hour — 800°F ( T0 O °K )  preheat . In t h e  TC

- 
heat cond i t ion , showing t he presence of a un i fo rm subs t ru -o t- i r e  and
a uniform distribution of the E—Phase precipitates. X 
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Figure 13. Variation of strength and duc t i l i t y  in both ingot and powder pro-.
duct with extrusion preheat temperature.
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AP P E N D I X

DES I )II OF alA lib 11U E’ :Ac <’ATIO-N PH C ChD I JI - E

en :-iorulaoe t h e  powder for  s-u : r e o o — r . t ‘-xtr’cs io:-ai woo’: fat rI — 
-

- 
-

~

cat : 0 <  <ac — : log a:: : : ar s t u c k .  The -outside wall oa t h -  a o n t a i n e r s  were  p r o —
:ro: rr:erai-aL y 001c c al-noon -on t ub e -of 3.0 ia -odes ( 0 . 0 7 E - m ’ ou -,r -Ial e -lit—

C O O t  -r . dose an-: t a i l  raps 1.-b ino~oes (0.0-15m) thirk dv 3.0 Ia. odes (0.O 76m ~- -lit—
d10 0 - - r  an-: a f11 I o~~— e - l a - :u ahj cr ,  tub e of annea led  6061 ab <cool r:un 8 inches ( 0 .  h o)  

‘
0

I -co g 1/li i n c~: (0.21 3m) l±:smeter were ut i l i z e d  to caors r l et e  tn e  c o n t a i n e r  si  dl-.
all c o .  — :aoorlt; we1Je-~ t~ ce th ’-r. The con ta ine r s  were leak—checked by fillir:r -o
t h e m  ~ lt o  air i4u 0:1 (1.1 x 106 :: 7) ‘<‘<‘1 hol cong  them unde r  water w~o i l e  - 

-

~it Inc  the- n slowly t ao ex <~~in e t r ae  adhered or escaping  air b s t -b le s .

O f te r  the  c on t a i n e r s  we r e v e r i f i e d  b-c be leak t i ght , powder -s-.: pcure-J Into
“oem i a :  an argon—filled gio-; box , y ie lding a t ou r e d  density of ara roroximatei y 60

<ent. Each c o n t a i n e r  was closed by covering the e r . t ry  t-cL- e wIth a sect ion  of -

vac o n a . ho se  clamped shut . lubseq-uerstly, t-de container war evacuate-I alt 0000

tempe rature to 10 ‘mm of mer cur y (~ 1 x lO~~ N m )  an - s , w i t h  “ he  vo:os n.
-oper-at Ing a r a n t i n o - t us- i i , the  conta iner  w - ,: aclacel  in a :mall f : - o s a c e  w h i c h  was
ore:,ed I t:, ~u O °F (-~OOll ) and held for two nours . This  pr sedacre was L r ,t e n d e i
do irive—off absca-bed Volatile contsooinarsts. The -o ontainer of p-ow Icr wac t h en
r e n a - / e l from the furnace and all -owed to cool to room tern-tea-at -cr’ . U, w- .r scale-l-
oaf b:- crim~a wel-Jlur of toe “wacuation tube anile the s-o as::utlor . SI-stem was still

12 
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